A filter binding assay was developed that allows measurement of specific binding of trp repressor to operator DNA. The most important feature of this procedure is the concentration and type of salt present in the binding buffer. Using this assay the dissociation constant of the repressor-operator complex was determined to be 2.6 x 10" 9 M, and 1.34 repressor dimers were found to be bound to each operator-containing DNA molecule. These values agree with those obtained by more complex methods. The dissociation constant of the repressor for the corepressor L-tryptophan in the presence of operator DNA was shown to be 2.5 x 10~5 M. A synthetic 48 bp operator fragment was used to determine the repressor-operator dissociation constant in the presence of tryptophan or tryptophan analogs which have higher or lower affinities for aporepressor. The rate of dissociation of repressor from operator DNA also was determined. Our findings indicate that dissociation is influenced by the concentration of tryptophan or tryptophan analogs and suggest that release of the corepressor may be the first step in dissociation of the repressor-operator complex.
INTRODUCTION
Protein-nucleic acid interactions are important events in gene regulation in virtually all biological systems. Filter binding has proven to be an extremely powerful yet simple and rapid method of analyzing these complex events (1,2). The trp repressor of Escherichia coli, the product of the gene trpR, binds to at least three similar operators, found in the trpEDCBA, aroH, and trpR operons, thereby regulating transcription initiation in these operons (3, 4, 5) . The trp repressor polypeptide contains 107 amino acid residues and exists as a dimer in two forms: the tryptophan-free aporepressor, and the tryptophan-activated repressor that can bind operator DNA (5, 6) . Mutational, crystallographic and biochemical studies indicate that this repressor, like many others, has a helix-turn-helix motif (7) in the putative DNA binding region (6, 8, 9) .
The specific binding of trp_ repressor to operator DNA in vitro has been studied previously by restriction site protection and transcription inhibition assays (5,10,11,12). These are indirect methods of analyzing repressor-operator interactions since they depend on competition between the repressor and a restriction endonuclease or RNA polymerase. Filter binding should allow measurement of trp repressor binding to operator DNA directly and offer many advantages over existing assay methods. Previous attempts to use filter binding to analyze trp repressor-ONA interactions were unsuccessful (Yanofsky, unpub., 8). This report describes the development of a filter binding assay for the trp repressor using a DNA fragment containing the natural trpEDCBA operon operator sequence.
To develop the filter binding method, we first demonstrated that trp repressor could bind tandemly ligated, multiple copies of a synthetic oligonucleotide containing a symmetrical trp operator sequence. The key observation that allowed the development of this assay was that specific binding of operator DNA by trp repressor was significant only when binding and filtration were performed at high salt concentrations. The subject of this report is the development and validation of the filter binding assay with DNA fragments or synthetic DNA containing a single, natural trp operator. Using this assay we estimate the dissociation constant of the repressor-operator complex in the presence of tryptophan and two tryptophan analogs, the dissociation constant for tryptophan in the presence of operator DNA, the number of repressor dimers that bind to each operator and the off rate (k_]) of repressor from operator DNA.
MATERIALS AND METHODS

Buffers and media
Bacterial cultures were grown in minimal medium (13) containing 0.2% glucose, 0.1% acid casein hydrolysate, 0.1J yeast extract and 200 yg/ml ampicillin.
The following buffers were used: standard binding buffer (10 mM Tris-HCl, pH 7.6) containing 0.1 mM EDTA, 10 mM Mg(C.2H302)2» 5% DMSO, 0.1 mM dithiothreitol and 50 yg/ml bovine serum albumin (1), and filtration buffer which is binding buffer without dithiothreitol or bovine serum albumin. trp repressor preparations
The purity of the repressor preparations used was verified by visualization of stained bands on polyacrylamide gels; the concentration was determined spectrophotometrically (8) . Repressor preparations were stored at -20°C at a concentration greater than 0.5 mg/ml. Dilutions were made immediately prior to each experiment. Two separate preparations of purified wild type tr^ aporepressor were used in these experiments. The aporepressor was produced and purified as described previously (14) . 
Construction
RESULTS
Filter binding with the tr£ repressor
To establish a filter binding assay for the trp repressor it was necessary to optimize three factors: 1) the DNA sample (size of fragment and location of operator), 2) the pH, and 3) the components of the buffer, especially the type and concentration of salt. The optimal condition was defined as that in which addition of repressor resulted in maximal specific retention of those DNA fragments containing the operator sequence. Binding of the complex to the filter was examined in the pH range 5.5 to 7.8, in either Tris or phosphate buffer. The effect of the presence of glycerol also was assessed. Ultimately Tris-HCl buffer at pH 7.6 without glycerol was adopted as the optimal buffer. The effects of the following salts were examined: potassium chloride, magnesium chloride, sodium chloride, ammonium chloride, magnesium sulfate, sodium suifate and ammonium sulfate. Addition of ammonium sulfate resulted in maximal enhancement of specific binding of the 280 bp operator fragment. An experiment demonstrating the The number of repressor dimers bound to each operator was determined in three independent experiments. As shown in Table 1 , the DNA concentration that fully saturates a fixed amount of the repressor dimer results in a given percentage of the DNA retained by the filters. This value must be adjusted to take into account the maximum binding, 76%, observed under our conditions. Analysis of the data suggests that 1.31 ± 0.3 repressor dimers bind to each operator containing DNA molecule. The double reciprocal plot (not shown) of these data yields a correlation coefficient of 0.953.
A Scatchard plot of binding data is shown in Figure 5 . The negative reciprocal of the slope of this line gives an accurate estimate of Kg. From the slope, -0.388, the dissociation constant of the repressor dimer for nM, the number of operator DNA molecules bound to each repressor dimer is 2O Bound DNA(nM) Figure 5 . Scatchard plot of the saturation of trp repressor by operator DNA. Each point was calculated from the data presented in Figure 4 . The data were corrected to 100% given that the maximum binding observed under these conditions is 76X.
calculated to be 0.75. The inverse relationship indicates that 1.34 repressor dimers bind per operator.
Binding of a 48 bp synthetic operator fragment occurs at a lower salt concentration A synthetic 48 bp operator fragment containing flanking GC stretches (see Materials and Methods) when nixed with trp repressor was retained on filters in the filter binding assay. An analogous DNA fragment with the same base composition but lacking the operator sequence (see Materials and Methods) was not retained. Interestingly, a lower salt concentration, 0.24 M ammonium sulfate, was optimal for maximal specific binding of this 48 bp operator fragment. Retention of the 48 bp synthetic fragment in 0.24 M salt requires a 2-fold higher repressor concentration (Kg = 7 x 10~9 M) than retention of the 280 bp operator fragment in 1.5 M salt (data not shown). This DNA fragment was used to examine the effects of tryptophan analogs on the equilibrium dissociation constant (Kp.) of the repressor-operator complex, and to determine the off rate (k_i) of repressor from operator DNA. Repressor-operator complex saturation with tryptophan analogs
The synthetic 48 bp operator-containing fragment was used to determine the dissociation constant (Kn) in the presence of saturating levels of tryptophan, K$ = 2. Experiments using a synthetic 48 bp DNA fragment containing the natural trp operator and flanking GC-rich sequences have shown specific retention of DNA on filters to be optimal in the presence of 0.24 M ammoni um sulfate. However the Kn for operator DNA using these conditions was 2-fold higher than previously estimated. Using the filter binding assay and the 48 bp operator fragment, dissociation of the repressor-operator complex was determined in the presence of saturating concentrations of tryptophan or 5-methyl or 6-methyl tryptophan, analogs which have higher and lower affinities for aporepressor, respectively. The calculated Kp's reflect the relative-affinity of aporepressor for the three corepressors, i.e., the 5-methyl tryptophan-aporepressor-operator complex was most stable. We also found that the tj/2 of tne repressor-operator complex was 50 sec and 100 sec respectively, in saturating concentrations of tryptophan and 5-methyl tryptophan. Dilution of the tryptophan-aporepressor-operator complex in the absence of added tryptophan (to a subsaturating tryptophan concentration) gave a tjyg °f < 25 sec. One interpretation of these findings is that the initial step in dissociation of the ternary complex:
corepressor-aporepressor-operator, is dissociation of the corepressor. An alternative explanation is that the analog occupying the tryptophan binding site of the aporepressor affects the affinity of repressor and operator. The tryptophan binding site of the trp aporepressor is formed from amino acid residues that are in the same helical region that is presumed to interact with the operator (6) . Thus the methyl groups of the analogs may influence the precise positioning of the DNA recognition helix, helix E (6). These alternatives require further study but the finding that the tryptophan and 5-methyl tryptophan aporepressor-operator complexes have different off 53S0 rates is most consistent with the interpretation that dissociation of a single corepressor molecule is the initial step in dissociation of the repressor-operator complex.
The filter binding assay, now established for the trp repressor-operator system, will be extremely useful in further analyses of DNA-protein interactions.
